UV radiation, in particular the middle wavelength (UVB, range 290-320 nm), can be harmful to human health because it induces cancer, premature skin aging, immunosuppression, and cell death.
The major types of DNA damage induced by UVB in the skin are DNA photoproducts, of which about 75% are cyclobutane pyrimidine dimers (CPDs) and the remaining 25% are (6-4) photoproducts and Dewar isomers of 6-4 PPs. 7) Most UVB-induced DNA lesions are removed by nucleotide excision repair (NER). 8) There are more than 20 proteins involved in NER. 9) Among them, Xeroderma pigmentosum (XP)-C is considered to be one of the first proteins to recognize DNA damage during global genomic repair (GGR), a subpathway of NER. XPC is one of the most common complementation groups of XP. XPC patients have sun sensitivity and a 1000-fold increase in the incidence of skin cancers.
10) The excision repair cross-complementing 1 (ERCC1)/XPF heterodimer is a DNA structure-specific endonuclease that participates in NER through cutting DNA at junctions where a single strand moves 5Ј to 3Ј away from a branch point with duplex DNA. 6) ERCC1 polymorphisms may contribute to the risk of squamous cell carcinoma of the head and neck. 11) There have been considerable efforts to search for naturally occurring substances that intervene in photodamage and photoaging. Ginseng has long been used as an herbal drug in traditional Oriental medicine. It has been suggested to have pharmacologic activities in the cardiovascular, endocrine, immune, and central nervous systems. [12] [13] [14] [15] [16] The major pharmacologically active components of ginseng are ginsenosides, which are steroidal saponins comprising 3-6% of ginseng. 17 ) Among 26 identified ginsenosides, ginsenosideRb1, -Ro, -Rg1, -Rc, and -Re are abundant. In particular, ginsenoside-Rb1 makes up 0.37-0.5% of ginseng extracts (http://www.netnam.vn/icasia/english/products/redkogin/ redkogind/redkogind.htm). These ginsenosides have been reported to show various biological functions including antiinflammatory activity and anti-tumor effects. 18, 19) However, their protective effects against UV-induced DNA damage have not been thoroughly studied. Therefore, in the present work, we investigated cell apoptosis, the production and clearance of CPDs induced by UVB, and XPC and ERCC1 protein levels and evaluated the protective effects of ginsenoside Rb1 on cultured skin keratinocytes.
MATERIALS AND METHODS

Cell Cultures and UV Irradiation Xpc
Ϫ knockout keratinocytes were isolated and cultured from the dorsal skin of Xpc Ϫ knockout mice. These keratinocytes were grown in MCDB 153 medium (Sigma, U.S.A.) supplemented with CaCl 2 30 mM, bovine pituitary extract, epidermal growth factor, insulin, hydrocortisone, ethanolamine, phosphoethanolamine, high amino acids, penicillin, and streptomycin. The keratinocyte cell line HaCaT was cultured in RPMI 1640 culture (Gibco, U.S.A.) medium that contained 10% fetal bovine serum (FBS, Hyclone, U.S.A.), 1% glutamine, penicillin 100 U/ml and streptomycin 100 mg/ml. Cells were plated at 3ϫ10 5 cells/well into 6-well plates and at 1ϫ10 7 in 100-mm dishes, and were placed in an incubator at 37°C with 5% carbon dioxide. Cells were grown to 60-70% confluence and starved for 24 h in culture medium containing 0.5% FBS before irradiation or drug addition. Subconfluent cells in phosphate-buffered saline (PBS) instead of the supernatant with ginsenoside Rb1 (purity Ͼ97%, provided by Jiangsu Institute for Drug Control, P. R. China) were sham irradiated or irradiated with 15 or 30 mJ/cm 2 UVB as described previously. 20) The UV irradiation apparatus used in this study consisted of a bank of eight fluorescent bulbs (TL12, Philips) that emitted most of their energy within the UVB range (290-320 nm). Irradiation intensity was monitored using an IL443 phototherapy radiometer and an SED240/UV/W photodetector.
Cell Viability Confluent cells (60-70%) were used for studying the antiproliferative effects of ginsenoside Rb1. Keratinocytes and HaCaT cells were treated with ginsenoside Rb1 (5, 20, or 50 mg/ml) for 24 h. Cell growth and viability were determined in the 3-[4,5-dimethylthiazol-2-yl]-2-5-diphenyl tetrazoliumbromide (MTT) assay as described. 21) All experiments were done in triplicate and repeated at least three times.
Apoptosis in Flow Cytometry
HaCaT cells (1ϫ10 6 ) were grown in 100-mm culture dishes and cultured with different concentrations of ginsenoside Rb1 for 4 h, then irradiated with UVB and incubated with RPMI-1640 medium for 24 h. Then the cells were trypsinized, collected together with floating (detached) dead cells, washed with PBS, and transferred to 4.5 ml of 80% cold ethanol and kept in this fixative for a minimum of 2 h. Ethanol-fixed cells were centrifuged and washed once with PBS, then suspended in 1 ml of PI/Triton X-100 staining solution (0.1% Triton X-100 and RNase 20 mg/ml in PBS) and incubated for 15 min at 37°C. Samples were analyzed using flow cytometry.
Analysis of Apoptotic Nuclei Using Fluorescence Microscopy To detect the characteristic features of apoptotic nuclei, human keratinocytes fixed with 10% formaldehyde were stained with 1 mg/ml of Hoechst 33258, a fluorescent DNA binding dye, for 20 min. The fluorescence of Hoechst 33258 was captured with a charge-coupled device camera under a fluorescent microscope. Apoptotic cells were identified by their typical morphologic appearance, with chromatin condensation and nuclear fragmentation. An average of Ͼ500 nuclei from random fields was analyzed for each data point.
Detection of CPDs in ImmunoDotBlot Assay
For ImmunoDotBlot analysis, a triplicate of 500 ng of heat-denatured DNA per dot was loaded on a positively charged nitrocellulose membrane (0.45 mm, Invitrogen, U.S.A.). After blotting, the dots were rinsed twice with 100 ml of PBS. Membranes were saturated overnight at 4°C in PBS containing 5% non-fat dry milk (nfm) and 0.1% Tween 20 and then incubated for 1 h at 37°C with a CPD antibody (dilution 1/1000, in 0.5% nfm-0.1% tween 20-PBS, Sigma, U.S.A.). After extensive washing with 0.5% nfm-0.1% Tween 20-PBS (nfm-TPBS), membranes were incubated for 1 h at room temperature with a 1/2000 dilution of a second antimouse horseradish peroxidase-conjugated antibody in nfm-TPBS buffer. Blots were then washed extensively with nfm-TPBS buffer, and peroxidase activity was determined with the enhanced chemiluminescence blotting detection system. Membranes were immediately exposed to X-ray films (Kodak XAR) for different times. The experiments were repeated three times.
Western Blot Analysis for XPC and ERCC1 Western blot analysis was performed as described. 22) Briefly, wholecell extract proteins (50 mg) were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to a PVDF membrane, blocked in 5% nfm, 1% bovine serum albumin, and 0.1% Tween-20 in TBST. Membranes were probed with monoclonal antibody against human XPC (1 : 2000; Santa Cruz Biotechnology, U.S.A.) or ERCC1 (1 : 1000; Santa Cruz Biotechnology). Subsequently, membranes were washed extensively and incubated with goat anti-mouse IgG conjugated with peroxidase (1 : 5000; R&D Systems, U.S.A.) for 1 h at room temperature, followed by enhanced chemiluminescence detection.
RESULTS
Effects of Ginsenoside Rb1 on Cell Viability
Coculture with ginsenoside Rb1 (5, 20, 50 mg/ml) alone did not affect cell viability. Exposure to UVB induced an obvious decrease in cell viability (pϽ0.01 vs. control group without UVB irradiation). Pretreatment with ginsenoside Rb1 5, 20, and 50 mg/ml alleviated the cytotoxicity of UVB (Fig. 1) .
Ginsenoside Rb1 Reduces UVB-Induced Apoptosis To investigate the role of ginsenoside Rb1 treatment in UVBinduced apoptosis, HaCaT cells were treated with 5-50 mg/ml of ginsenoside Rb1 for 4 h and radiated with 15 or 30 mJ/cm 2 of UVB. After 24 h, apoptosis was analyzed using flow cytometry or Hoechst 33258 staining. Exposure of the epidermal keratinocyte cell line HaCaT to UVB resulted in apoptosis, which was significantly reduced when cells were preincubated with ginsenoside Rb1 for 4 h before irradiation (Figs. 2, 3 ). However, this protection was not observed in Xpc Ϫ knockout keratinocytes. Almost all of these NER-deficient cells died and were floating 24 h after UVB irradiation (data not shown).
Ginsenoside Rb1 Reduces UVB-Induced DNA Damage DNA damage is one of the major determinants for a cell undergoing apoptosis upon UVB exposure, and therefore the impact of ginsenoside Rb1 on the amount of UVB-specific DNA lesions was measured. Southwestern dot-blot analysis using an antibody directed against CPDs revealed that in DNA samples extracted 12 h after UVB exposure, UVB-induced DNA damage was significantly reduced in the samples treated with ginsenoside Rb1 (Fig. 4) . In samples extracted 0.5 h after UVB irradiation, equal amounts of CPDs were observed whether the cells were pretreated with ginsenoside Rb1 or not. This suggests that ginsenoside Rb1 does not reduce DNA damage induced by UVB, but accelerates its clearance. However, this reduction of DNA damage was not observed in Xpc Ϫ knockout keratinocytes (Fig. 4) . This implies that ginsenoside Rb1 induces the repair of UVB-induced DNA damage via NER.
Ginsenoside Rb1 Affects NER Because the amounts of UV-induced DNA damage differed little in the ginsenoside Rb1-treated and untreated samples immediately after UV exposure (but was reduced by ginsenoside Rb1 at later time points), ginsenoside Rb1 may remove UV-induced DNA lesions by inducing DNA repair. NER removes a variety of forms of DNA damage, including photoproducts induced by UV and other bulky lesions. XPC is involved in recognizing the step of global genome repair, one of the two subpathways of NER. ERCC1 is involved in reducing the DNA damage. After the damage is released in a 24-32 nucleotide-long oligonucleotides, repair is completed by DNA synthesis and ligation. We assessed whether ginsenoside Rb1 affects the protein expression of XPC and ERCC1 using the Western blot assay. The expression level of each protein was normalized with the expression of GAPDH. XPC and ERCC1 proteins are downregulated by UVB irradiation (Fig. 5) . Treatment of cells with ginsenoside Rb1 before UVB exposure (Figs. 5, 6 ). However there was no difference among groups pretreated with or without ginsenoside Rb1 in the absence of UVB irradiation (data not shown).
DISCUSSION
UV radiation is the major etiologic factor in skin cancer because of its potent ability to induce DNA lesions. If the latter are not removed, they can cause mutations and subsequently skin cancer.
23) UVB-induced DNA damage is removable by NER. This repair system can eliminate UV-induced CPDs and 6-4 photoproducts in DNA. The importance and efficacy of NER has been demonstrated by the drastic rate of skin cancer increase in XPC patients, which is caused by impairments in various components of the NER system. 24) Induction of apoptosis represents another protective mechanism if there is too much DNA damage to be repairable after excessive UV doses. If the cells with DNA damage are not repaired, such damage can result in mutations and skin cancer. The regulation of UV-induced apoptosis is thus associated with photocarcinogenic risk.
We found that ginsenoside Rb1 inhibits cell apoptosis induced by UVB. This inhibition of ginsenoside Rb1 appears to be caused by a marked reduction in UVB-induced DNA damage. Because there was no difference in the amount of DNA lesions until later stages after UVB irradiation, we think that it is related to the enhanced removal of photoproducts. This enhanced removal of CPDs was not observed in Xpc-deficient keratinocytes irradiated with UVB although pretreated with ginsenoside Rb1. Accordingly, ginsenoside Rb1 did not protect these NER-deficient cells 24 h after UVB irradiation. The involvement of NER was confirmed in the Western blot assay. XPC and ERCC1 proteins are downregulated by UVB. 25, 26) However, this downregulation is compensated for by ginsenoside Rb1 in a dose-dependent manner, which accelerates the recognition and repair of UV-induced DNA lesions.
Some other agents capable of inhibiting UVB-induced apoptosis can induce DNA repair in different ways. UVB-induced DNA damage in mammalian cells is mainly repaired via NER. Interleukin (IL)-12 may induce DNA repair, which can protect cells from apoptosis caused by UVB radiation through induction of NER gene expression. 26) IL-18 may remove UV-induced DNA lesions by inducing DNA repair, 840 Vol. 32, No. 5 most likely via NER. 27) DNA oligonucleotides substantially homologous to the telomere 3-prime overhang sequence can accelerate the removal of photoproducts in human skin explants, showing a capacity for inducible DNA damage responses.
28) a-Melanocyte-stimulating hormone may accelerate the removal of UVB-induced DNA lesions. This effect may be mediated via NER or at least linked to a properly functioning NER system. 29) Topically applied bacterial DNArepair enzyme T4 endonuclease V can increase the removal of CPDs induced by UVB.
30) The present study demonstrated that ginsenoside Rb1 could accelerate the removal of UV-induced DNA lesions via the NER pathway, mainly through increasing the expression of NER proteins. NER is a complex DNA repair pathway involving over 20 genes and proteins. However, there is little direct evidence for biological mechanisms through which NER gene and protein expression may be modified. Many of NER genes are downregulated by UVB, and this downregulation is compensated for by IL-12.
26) However IL-12 shows little effect on NER gene expression without UV irradiation. In the present study, XPC and ERCC1 protein expression were downregulated in UV-irradiated HaCaT cells and this downregulation was compensated for by ginsenoside Rb1. Rb1 does not increase XPC and ERCC1 expression in normal HaCaT cultures, which is similar to IL-12. Additional studies will be necessary to clarify the detailed mechanism of NER modulation and induction of other NER protein expression such as XPA and CAS by ginsenoside Rb1 on UV-induced DNA damage. Other constituents of ginseng saponin mRg2, a mixture of ginsenosides containing 60% Rg2, can protect cells against UVB-induced genotoxicity by increasing DNA repair and decreasing apoptosis. 31) However, it is interesting that its mechanism is different from that of Rb1. The fact that mRg2 potentiates the level of p53 and p21 and elevates the level of proliferating cell nuclear antigen suggests that its effects are associated with the modulation of protein levels involved in cell cycle arrest or progression. 31) In summary, we have identified ginsenoside Rb1 as an agent that can protect cells from apoptosis induced by UVB through the induction of DNA repair, most likely NER. To our knowledge, this is the first demonstration of the induction of NER by ginseng which protects cells from the apoptosis induced by DNA-damaging UVB irradiation. It remains to be determined whether topically applied ginsenoside Rb1 could reduce the risk of developing skin cancer after chronic UVB exposure, or even become a therapeutic agent for preventing UV-induced skin cancer.
